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INTRODUCTION 

The ob jec t ive  of t h i s  i n v e s t i g a t i o n  vas  t o  s tudy t h e  hydroxyl func t iona l  groups 
of t a r  molecules and t o  determine t h e i r  involvement i n  t h e  mechanism of t a r  
evolu t ion  during coa l  p y r o l y s i s  processes .  
in f ra red  spec t ra  of c o a l s  and t h e i r  respec t ive  tars suggest ing t h a t  the t a r  
molecules a r e  s i m i l a r  i n  s t r u c t u r e  t o  the  parent coa l  and contain similar funct ional  
groups c h a r a c t e r i s t i c  of t h e  parent  coa l . ( l )  
molecules should lead t o  a b e t t e r  understanding of t h e  parent  coal  s t ruc ture .  Our 
main concern has been centered  on the i d e n t i f i c a t i o n  of t a r  hydroxyl func t iona l  
groups and t h e  determinat ion of t h e i r  r o l e  i n  t h e  mechanism of tar evolut ion.  
Whether hydrogen bonding through t h e  hydroxyl func t iona l  groups i s  a n  important 
f a c t o r  i n  tar evolut ion w i l l  be inves t iga ted  through the  pyro lys i s  s t u d i e s  of 
methylated coals .  The process  of methylat ion rep laces  most of t h e  phenolic and 
carboxyl ic  hydrogens i n  coa l  with methyl groups.(2,3) Thus hydrogen bonding v i a  the 
phenolic or  carboxyl ic  hydrogens should be l a r g e l y  el iminated.  

of coal pyro lys i s  could exit the  r e a c t i o n  zone rap id ly  and be trapped with i n e r t  
n i t rogen  gas on a cold m a t r i x  surface.  Matrix i s o l a t i o n  s tudies  of t a r  molecules 
produce b e t t e r  resolved FTIR spec t ra  than those i n  a coal  matr ix ,  making s t r u c t u r a l  
c h a r a c t e r i z a t i o n  of the  tar molecules a more d e f i n i t e  p o s s i b i l i t y .  

Strong s i m i l a r i t i e s  e x i s t  between t h e  

C l a r i f i c a t i o n  of t h e  s t r u c t u r e  of t a r  

The experiments were designed so t h a t  t a r  molecules and o ther  gaseous products 

EXPERIMENTAL 

The Rice Universi ty  mul t i sur face  matr ix  i s o l a t i o n  apparatus  v a s  used i n  the 
pyro lys i s  s t u d i e s  of f o u r  d i f f e r e n t  ranks of coal  and t h e i r  respec t ive  methylated 
products. The four  coa l  samples s tudied vere  P i t t sburgh  bituminous, I l l i n o i s  C6, 
Rawhide sub-bituminous and Texas l i g n i t e .  The samples v e r e  ground and s i f t e d  under 
i n e r t  n i t rogen  atmosphere t o  prevent oxidat ion.  Only t h e  -500 mesh s i z e  coa l  
p a r t i c l e s  v e r e  used i n  t h e  experiments. 

u s e f u l  f o r  pyro lys i s  s t u d i e s  over a vide  range of temperatures. 
occuring a s  a r e s u l t  of v a r i a t i o n s  in  r e a c t i o n  temperature can be r e a d i l y  detected.  
Gaseous pyro lys i s  products  including t h e  t a r  molecules were trapped i n  a ni t rogen 
mat r ix  a t  12'K. 
temperature Over a 10 minute  t rapping period. 
analyzed of f - l ine  with a n  in tegra ted  I B I - F T I R  spectrometer. Tar evolu t ion  was 
observed t o  occur wi th in  t h e  same temperature range (150-600°C) f o r  the four  coals  
s tudied.  
temperature t o  approximately 62OoC. Detai led d e s c r i p t i o n s  of the  MI-FTIR apparatus  
and the pyro lys i s  r e a c t o r  can be found elsevhere.(4,5)  

Methylation of the  c o a l  samples vas  performed according t o  the  procedures 
descr ibed by R. L i o t t a  i n  "Select ive Alkylat ion of Acidic Hydroxyl Groups i n  
Coal".(2) The genera l  r e a c t i o n  procedure may be descr ibed using t h e  following 
equat ions:  

The matr ix  i s o l a t i o n  FTIR apparatus  possessses  60 depos i t ion  sur faces  which a r e  
Small changes 

One sur face  vas  used f o r  every 40-1OO0C increment r i s e  i n  
The frozen matr ice  v e r e  l a t e r  

Therefore the experimental temperature range s tudied  vas  from room 
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(coal)-OH + (C4Hg)4N0H 

I phenolic 
and carboxyl ic  

(coal)-ON(C4;g)4 + H20 

p31 ( t h e  methylat ing agent )  

Only -500 mesb coa l  p a r t i c l e s  were used i n  our methylat ion reac t ions .  
experimental procedure f o r  the  pyro lys i s  of t h e  methylated coa ls  was i d e n t i c a l  t o  
t h a t  of the  o r i g i n a l  coa l  i n  order  t o  determine i f  methylat ion i n  any way a l t e r s  t h e  
pyro lys i s  behavior of t h e  o r i g i n a l  coal .  

The 

RESULTS AND DISCUSSION -- 
Determination f Hvdroxvl Funct ional  Groups i n  Tar 

Hydroxyl func t iona l  group determinat ion i n  coa ls  has  been undertaken both 
spectroscopical ly  ( 6 )  a s  w e l l  a s  through a combination of chemical and spectroscopic  
means.(7) 
measurement of t h e  broad i n f r a r e d  absorp t ion  region between 3600-2000 cm 
broad absorpt ion range was complicated by t h e  presence of K B r  water absorpt ions 8s 
w e l l  as absorpt ions a t t r i b u t e d  t o  hydrogen bonded OH. 
func t iona l  determinat ion involved t h e  meaeurenent of i n t e n s i t i e s  of i n f r a r e d  bands 
(carbonyl s t r e t c h i n g  a t  1770 and 1740 cm- ) assigned t o  products of a c e t y l a t i o n  
reac t ions  of coal .  Both methods involved i n d i r e c t  determinat ion of OH func t iona l  
groups i n  t h e  parent  coa l  matr ix .  
i s o l a t i o n  techniques have t h e  advantage of a c t u a l l y  i s o l a t i n g  t h e  ind iv idua l  t a r  
molecules and o ther  gaseous products  i n  an i n e r t  matr ix .  I s o l a t i o n  of t h e  
ind iv idua l  t a r  molecules i n  an i n e r t  gas mat r ix  a t  lZ°K produced w e l l  resolved 
inf ra red  spec t ra  not observed i n  t h e  FTIR spec t ra  of tars i n  a coa l  matrix. thus  
making s t r u c t u r a l  c h a r a c t e r i z a t i o n  of t h e  t a r  molecules highly feasable .  
i s o l a t e d  t a r  should a l s o  be f r e e  of hydrogen bonding thus  f a c i l i t a t i n g  t h e  
i d e n t i f i c a t i o n  of hydroxyl func t iona l  groups. 

products of P i t t sburgh  bituminous from r.t. t o  621OC. 
molecules w a s  i n i t i a t e d  a t  temperatures a s  low as  13OoC and continued u n t i l  maximum 
evolut ion was reached a t  470yC. 
broad bands a t  3000-2800 cm- due t o  CH s t re tch ing ,  and 1550-1100 cm-' due t o  CH 
bending and CO s t r e t c h i n g .  
t a r  spectra  should provide information concerning t h e  hydroxyl func t iona l  groups 
present  i n  t h e  t a r  molecules. 
absorpt ions due t o  water- tar  complexes i n  t h i s  reg ion  complicated t h e  i d e n t i f i c a t i o n  
of t a r  OH func t iona l  groups. 
molecules r e s u l t e d  i n  not iceable  increases  i n  absorpt ions due t o  water- tar  
complexes. This i s  shown i n  Figure 2 which compares t h e  matr ix  i s o l a t e d  FTIR 
spec t ra  of I l l i n o i s  #6 t a r  molecules with t h e  r e s u l t s  obtained from ta r -water  
co-deposition xperiments. A s  can be seen, two d i s t i n c t  broad absorpt ions a t  3626.5 
and 3580.9 an-' remained unaffected by the  a d d i t i o n  of water molecules. These were 
assigned t o  t a r  bydroxyl func t iona l  groups. 
four  of t h e  coal tar  molecules s tud ied  a r e  shown i n  Figure 3. Considerable amounts 
of hydroxyl func t iona l  groups were found i n  t h e  t a r s  of t h e  two h igher  rank coals ,  
Pi t tsburgh bituminous and I l l i n o i s  16, with I l l i n o i s  #6 possessing g r e a t e r  amounts 
of hydroxyl func t iona l  groups. Considerably l e s s  hydroxyl absorpt ion w a s  observed 
f o r  tbe two lower rank coa l  t a r s ,  Rawhide sub-bituminous and Texas l i g n i t e .  The 

The spectroscopic  method of hydroxyl determinat ion r e l i e d  on  ip . This  

The second method of hydroxyl 

Studies  of coa l  pyro lys i s  processes  using mat r ix  

The matr ix  , 

Figure 1 shows t h e  matr ix  i s o l a t e d  FTIR spec t ra  of the  gaseous pyro lys i s  
The evolu t ion  of t a r  

Absorptions c h a r a c t e r i s t i c  of t a r  mo ecules  were 

Study of t h e  OH s t r e t c h i n g  region of t h e  mat r ix  i s o l a t e d  

The presence of water OH s t r e t c h i n g  modes and 

Co-deposition of water (0.5 H,O/lOO N ) w i t h  tar 

The OH s t r e t c h i n g  frequencies  of a l l  
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observat ion of l e s s  hydroxyls f o r  the lower rank coa ls  i s  i n  accordance with lower 
rank coa ls  possessing less aromatic  character .  

Comparison of OH s t r e t c h i n g  frequencies  of phenol, 2-napthol and cyclohexanol 
i n  ni t rogen mat r ix  wi th  those of m a t f p  i s o l a t e d  t a r  i s  shown i n  Figure 4. 
broad tar OH absorp t ion  a t  3626.5 cm 
f requencies  of phenol and 2-napthol but no t  with cyclohexanol. 
a c i d i c  a lcohol ic  hydroxyls have OH absorpt ions a t  f requencies  higher  than 3630 cm- 
(OH s t re tch ing  f r e  uency of n i t rogen  mat r ix  i s o l a t e d  methanol is  3664 cm-'). 
peak a t  3626.5 cm-I i s  t h u s  assigned t o  a phenolic hydroxyl. One a l s o  concludes 
t h a t  a lcohol ic  hydroxyls a r e  not presen 
intense t a r  OH absorp t ion  a t  3580.9 cm-' i s  s t i l l  under inves t iga t ion .  Since t h i s  
absorpt ion i s  lower i n  frequency than t h e  phenolic OH, it i s  probably due t o  a more 
a c i d i c  OH func t iona l  group than t h e  phenolic hydroxyl. 
hydroxyls o r  phenolic hydroxyls with an adjacent  thiophene group 
(hydroxy-benzothiaphene) . (8)  

Pvrolvsis  0-Methvlated 

g r e a t  i n t e r e s t .  
important in te rmolecular  bond i n  t h e  s t r u c t u r e  of coal .  
t h e  hydroxyl func t iona l  groups were the predominant f a c t o r  i n  determining t h e  
v o l a t i l i t y  of t h e  coa l  (determined by t h e  ease of tar evolu t ion  and percent  weight 
l o s s ) ,  then rep lac ing  t h e  hydroxyl hydrogens with methyl groups should el iminate  
t h i s  hydrogen bonding and make t h e  coal  more v o l a t i l e .  Hydroxyl func t iona l  groups 
can a l s o  undergo water  e l imina t ion  reac t ions  t o  form new C-0-C cross  linkages. The 
formation of these  new c r o s s  l inkages would a l s o  a c t  t o  reduce t h e  v o l a t i l i t y  of 
coa l  and thus  increase  t h e  t a r  evolut ion temperature. Methylation of the  coal  would 
el iminate  t h e  formation of these  new cross  l inkages.  More tar might a l s o  be evolved 
due t o  the  increased v o l a t i l i t y  and decreased decomposition of t h e  O-methylated 
coa l .  

through the  cleavage of weak l inkages such a s  methylene l inkages,  then methylation 
should not e f f e c t  t h e  v o l a t i l i t y  of the  coa l  o r  t h e  t a r  evolut ion temperature. 

Slow pyro lys is  s t u d i e s  of methylated coa ls  were performed t o  determine i f  
O-methylation i n  any way has  a l t e r e d  t h e  pyrolyis  behavior of the  o r i g i n a l  coal. 
Figure 5 shows t h e  mat r ix  i s o l a t e d  FTIR spec t ra  of the  pyro lys i s  products of 
methylated P i t t sburgh  bituminous from r.t. t o  604OC. 
r e s u l t s  of t h e  methylated coa l  (Figure 5)  with those of t h e  o r i g i n a l  coa l  (Figure 1 )  
showed severa l  d i f f e r e n c e s  i n d i c a t i v e  of coa l  s t r u c t u r a l  changes a f t e r  methylation. 
Tar evolut ion temperature  has been reduced by approximately 150-200°C, ind ica t ing  a 
more v o l a t i l e  coa l  a f t e r  methylat ion.  This  was observed f o r  a l l  four  ranks of coal 
s tudied.  An increase  of approximately 10% v o l a t i l i t y  was also observed f o r  all four  
coa ls  a f t e r  methylation. 
respec t ive  methylated t a r s  a r e  sbown i n  Figure 6. For a l l  four  coa ls ,  O-methylation 
ha6 changed t h e  r e l a t i v e  i n t e n s i t i e s  of C i i  
favor  Of g r e a t e r  cH3 absorp t ions  as i s  t o  ae expected s i n c e  CH3 groups have replaced 
a l l  hydrox 1 hydrogens i n  t h e  methylated tar. 
3626.5 cm-' a r e  a l s o  absent  i n  the  methylated tar molecules. 

O-methylated coal  suggest  t h a t  methylene l inkages a r e  not  involved i n  t h e  mechanism 
of t a r  w o l u t i o n .  
poss ib le  mechanisms of tar  evolut ion.  
bonding of t h e  hydroxyl groups a s  t a r  i s  evolved. 
formation of new cross  l inkages through decomposition of t h e  hydroxyl groups a t  
lover  temperature. 
t a P e r a t u r e  a t  which t h e  new cross  l inkages decompose. I s o t o p i c  enrichment s tud ies  
a r e  cur ren t ly  i n  progress  t o  a s s i s t  in  d i s t inguish ing  between the above mechanisms. 

The 
compares favorably with t h e  OH s t re tch ing  

I n  general ,  t h e  lees 

The 

The less i n  mat r ix  i s o l a t e d  t a r  molecules. 

P o s s i b i l i t i e s  a r e  carboxyl ic  

The r o l e  of hydroxyl func t iona l  groups i n  t h e  mechanism of tar  evolut ion i s  of 
Hydrogen bonding through the hydroxyl func t iona l  groups could be an 

I f  hydrogen bonding through 

If  the  evolut ion of t a r  during coa l  thermal decomposition occured pr imari ly  

Comparison of pyro lys i s  

Comparisons of t h e  mat r ix  i s o l a t e d  t a r s  with t h e i r  

t o  I+ groups i n  t h e  tar molecules in  

Phenolic hydroxyl absorpt ions a t  

The increased v o l a t i l i t y  and t h e  lowering of t a r  evolu t ion  temperature of the 

Our r e s u l t s  from t h e  pyrolysis  of O-methylated coa l  suggest two 
The f i r s t  involves  breaking only hydrogen 

A second mechanism envis ions the  

The temperature at which t a r  evolves  i n  then set by t h e  
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I 

, I n  any case,  t h e  la rge  increase  i n  v o l a t i l i t y  of t h e  tar component of a l l  four  coa ls  
i s  q u i t e  remarkable and suggests  a common bonding mechanism i n  a l l  coa ls .  
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Figure 2 .  Co-Deposition of I l l i n o i s  P6 Tar and H20 i n  N2 Matrix 
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Figure 3 .  MI-FTIR Spectra of Four Coal Tars 
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Figure 4 .  Comparison of Hydroxyl Stretching Frequencies in  N p  Matrix 

Figure 6 .  Comparison of CE Stretching Region of Tar and 0-Methylated Tar 
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